Heterogeneous nucleation is governed by the interplay of interfacial energies between a substrate, a solid and a liquid. Although the intensity of these energies can strongly change with the orientation of the nucleus for anisotropic media, this parameter is not taken into account in the available nucleation theories. In this paper, the Gibbs free energy barrier for nucleation is computed for an arbitrary solidliquid interface energy. It is shown that anisotropy favors particular orientations of the nucleus on the substrate. Experimental evidence from the zinc-aluminum system is given as an application of this extended nucleation theory. It also sheds new light on the texture of galvanized steel sheets.
Introduction
In the early stages of solidification, the stability of a solid cluster of atoms in a melt is determined by the difference between two opposing contributions to the free energy of the system: (i) the decrease in volume energy resulting from the phase transition and (ii) the interfacial energy between the involved phases. Based on this analysis, several theories of nucleation have been developed in the past decades [1] [2] [3] . In all of these, the interfacial energy is assumed to be isotropic and thus the nuclei to be spheres, or caps thereof. Under these conditions, the orientation of a heterogeneous nucleus on a foreign substrate is irrelevant. However, as already mentioned by Taylor and Cahn [4] , this parameter cannot be neglected if the anisotropy of the solid-liquid and/or solid-substrate interfacial energies becomes large. It can even have such a large effect that nucleation is favored for some orientations and hindered for others. This is shown from a general point of view in this paper by extending the classical model of heterogeneous nucleation to account for the anisotropy of the solid-liquid interfacial energy. Under its influence, the equilibrium shape of a crystal fully surrounded by liquid deviates from that of a sphere. Thus, even if the substrate is isotropic, the shape of the heterogeneous nucleus is no longer a spherical cap, and the nucleation energy barrier becomes a function of its orientation with respect to the substrate. In the first part, the orientation dependence of the nucleation energy is computed based on theñ-vector formalism of Hoffman and Cahn [5] . In the second part, applications of this theory to hot-dip galvanized Zn-Al coatings are presented. Zinc has a high anisotropy and the coatings exhibit a preferential basal orientation ({0 0 0 1} plane parallel to the surface of the nucleation substrate). Several observations on this system clearly illustrate the influence of the solid-liquid interfacial energy anisotropy on heterogeneous nucleation.
Computation of the energy of a nucleus

Nucleus geometry
Let us consider a cluster of atoms with a solid structure, sitting on a planar, and non-reacting, foreign substrate. Due to the very small size of the cluster, chemical potential gradients along the solid-liquid interface are leveled out very quickly by diffusion and the solid is assumed to take its equilibrium shape. The corresponding geometry can be computed from the solid-liquid interfacial energy, c sl ðñ sl Þ, with the help of theñ-vector formalism [5, 6] . Given c sl ðñ sl Þ ¼ c sl gðñ sl Þ, with gðñ sl Þ the anisotropy of c sl andñ sl the unit vector normal to the solid-liquid interface, the equilibrium shape of a solid particle surrounded only by its melt is homothetic to the parametric surface:
wherer is the extension ofñ sl to R 3 with r ¼ jrj and r ¼ rñ sl .
If the particle is located on a foreign medium, this shape is truncated by a plane parallel to the substrate, at a distance Dc = c lf À c fs from its center (see Fig. 1 ), where the indices f, s and l indicate the foreign substrate, the solid and the liquid phase, respectively (i.e. c lf and c fs are the interfacial energies between liquid and substrate, and between substrate and solid, respectively). The quantity Dc can be either isotropic or anisotropic, depending on the properties of c lf and c fs . In particular, even if the substrate is isotropic, c fs and thus Dc can change with the orientation of the solid-substrate interface due to the anisotropic solid alone. In this study, Dc will be assumed to be isotropic, so that it can be varied as a free parameter, independently of the orientation. However, all results can be easily adapted to the case of anisotropic Dc by setting Dc ¼ Dcðñ fs Þ in the equations, withñ fs the unit vector normal to the solid-substrate interface.
In theñ-vector formalism, the wetting condition is expressed as [6] :
where the indices f, s and l of the vectorsñ have the same meaning as above, but additionally indicate their direction: n ij is a unit vector normal to the interface between media i and j, which points out of i into j.
The whole bounding surface of the nucleus is made of the solid-liquid and the solid-substrate interfaces. Accordingly, we define its position,X , as a combination of two functions. On the solid-liquid interface,X is given bỹ
with X 0 a scaling factor describing the size of the nucleus. Along the solid-substrate interface, it is enough for the present study to note thatX satisfies Eq. (2):
to comply with the wetting condition.
Nucleus energy
The Gibbs free energy of a nucleus, DG het , is given by the following integral:
where q is the density, Dg f is the specific Gibbs free energy difference between the solid and the liquid, V s is the volume of the nucleus, A sl is the solid-liquid interface area and A fs is the solid-substrate interface area. At small undercooling, the linear approximation Dg f = ÀDs f DT can be used to compute the Gibbs free energy of fusion, where Ds f is the specific entropy of fusion and DT the undercooling. Although the geometry is much more complex in the present case, several properties of the isotropic nucleation model can be found again, which are shown below.
For a given nucleus size X 0 , the volumes of the heterogeneous and homogeneous nuclei are proportional and their ratio depends only on the wetting conditions (given by Dc/ c sl ) and the orientationñ fs of the substrate, since these two parameters completely define how the equilibrium shape is truncated (Fig. 1) . Thus, we have:
whereñ fs is the orientation of the substrate surface measured in the reference system of the nucleus crystallographic structure. In the isotropic theory of heterogeneous nucleation, the equivalent function f(h), where h is the wetting angle, is found through simple geometric considerations, but the generalized function f ðDc=c sl ;ñ fs Þ cannot be computed explicitly, due to the much more complicated shape of the nucleus. It is nevertheless possible to extend a further property of isotropic nuclei to the present case, namely the fact that the Gibbs free energies of the heterogeneous and homogeneous nuclei are in the same ratio as their volumes:
Fig. 1. Anisotropic particle on a flat surface (redrawn after Ref. [6] ).
We demonstrate this by using first Eq. (1), from which can be deduced that:
With this result and Eq. (4), the last two terms in Eq. (5) transform into:
Please note that the negative sign in the last term of Eq. (5) has been integrated into the orientation of the normal to the substrate (ñ sf ¼ Àñ fs ). The two integrals on the left-hand side of Eq. (9) transform into an integral over the whole surface A s of the nucleus, i.e. over the solidliquid and solid-substrate interfaces. The outward-pointing normal to this surface is simply labeledñ s . Through the divergence theorem, the right-hand side of Eq. (9) is also equal to:
Thus, the surface energy contribution to the Gibbs free energy of a nucleus scales with its volume. Substituting this expression back into Eq. (5) leads to:
both for a heterogeneous and a homogeneous nucleus (the latter case is obtained by setting A sl = A s and A fs = 0 in Eq. (5), which directly gives the right-hand side of Eq. (9)). A simple division yields Eq. (7). The volume therefore scales with the third power of the nucleus size, X 0 , and the surface terms with its square, as they do with a spherical cap. This can be made apparent in Eq. (11) by defining a dimensionless volume of the
, which is independent of X 0 , and substituting:
This expression admits a maximum at:
which generalizes the equation of the critical radius found for an isotropic nucleus. Introducing this into Eq. (12) gives the nucleation energy: p. The parameter Dc/c sl in function f is then proportional to the cosine of the wetting angle h between the solid and the substrate. The main difference between Eq. (14) and former models is the introduction of the orientation dependence of f through n fs .
Unlike a spherical cap, the part of the nucleus volume that remains after truncation does not depend only on the position of the cutting plane with respect to its center, but also on the direction of the cut. Therefore, b V het s and f are dependent on the orientation of the nucleus on the substrate. This results in the nucleation energy (or critical volume of the nucleus) being lower for some orientations, thus favoring nucleation with these orientations.
Application to zinc
Solid-liquid interfacial energy and its anisotropy
The anisotropy of the solid-liquid interfacial energy of zinc (hexagonal close-packed structure) was determined from measurements of the quenched equilibrium shape of liquid droplets in a solid matrix [7] . These were not spheres, but lenses whose faces met at a sharp angle. No 6-fold symmetry was visible within the {0 0 0 1} plane. Accordingly, an expression containing only the first two orders of hexagonal harmonics was constructed: As these values are known, the shape of heterogeneous zinc nuclei on a substrate can be computed for any orientation and wetting condition. A few examples are given in Fig. 2. 
Nucleation energy
The Gibbs free energy of a critical homogeneous nucleus was computed from Eqs. (14) and (15). Numerical integration provided a value of b V hom ¼ 1:85 for the dimensionless volume and, with qDs f = qL f /T m = 1.1 Â 10 6 J m À3 K À1 , where L f is the specific enthalpy of fusion and T m the melting point:
The Gibbs free energy of a heterogeneous nucleus was seen above to depend on its orientation. In the case of zinc, since the equilibrium shape is invariant with a rotation about thec-axis, only the angle a betweenc and the normal to the substrate plane,ñ fs , is relevant (see Fig. 2 ). The function f(Dc/c sl , a) was computed by numerical integration of b V het ðDc=c sl ; aÞ. The results are shown in Fig. 3 . The value of f strongly decreases when wetting of the solid on the substrate is improved (larger Dc). In the extreme case Dc > c sl ðñ fs Þ, i.e. perfect wetting, the nucleation energy goes to 0. Since c sl ðñ fs Þ þ c fs < c lf , a stable layer of solid spontaneously forms at the substrate-liquid interface to decrease its energy, either in orientationñ fs or in any other orientationñ 0 fs such that c sl ðñ 0 fs Þ < c sl ðñ fs Þ. At a value Dc = 0.5c sl , Fig. 2a and b show the volume of a heterogeneous nucleus when a = 0 (basal configuration) and a = 60°, respectively. As can be seen, the volume of the nucleus, and thus its energy barrier is considerably reduced in the basal configuration. The situation Dc = À0.5c sl , i.e., not very favorable wetting condition of the solid on the foreign substrate, is shown in Fig. 2c and d for the same orientations. The situation is now reversed, as can be seen in the curves of Fig. 3 : the volume and thus the energy barrier of the nucleus is reduced for the non-basal configuration. For neutral wetting, i.e. Dc = 0, the equilibrium shape crystal is cut in two equal parts and f becomes independent of a (orñ fs ). Finally, the condition Dc < Àc sl ðñ fs Þ prevents any wetting in orientationñ fs (and in any other orientationñ c sl ðñ 0 fs Þ > c sl ðñ fs Þ) because the energy of the interface is lowered by adding a liquid film in between the solid and the substrate. When Dc < Àmaxñ fs ðc sl ðñ fs ÞÞ, this prevents any wetting on the substrate of a nucleus of arbitrary orientation. In all cases where wetting is prevented, since the nucleus is surrounded only by the liquid, it is homogeneous and f(Dc/c sl ,a) = 1. The variation of f with a is smaller than with Dc, but it still has a significant influence. When the solid has a higher affinity to the substrate than the liquid (Dc > 0), the energy needed to nucleate a grain with a = 0 is up to 50% smaller than that required for a grain with a = 90°, for the same value of Dc/c sl (see Fig. 3 ). Thus, basal grains are strongly favored. Conversely, if the solid has less affinity to the substrate than the liquid (Dc < 0), the reverse effect is expected: basal grains have a higher nucleation energy than those with other orientations.
This investigation of f(Dc/c sl , a) shows that the anisotropy of c sl can introduce a strong bias into the distribution of grain orientations. The direction and amount of this shift cannot be predicted from the properties of the solid-liquid interface alone, since they also depend on Dc. They are therefore system properties and not intrinsic to the considered alloy. This becomes even more true if the substrate-solid interface energy is also anisotropic. In this case, Dc becomes dependent on a as well and the influence of orientation on the nucleation energy can be increased or damped as a consequence of this superposition.
Experimental observations
The effects of anisotropy on nucleation described in the previous section are very well observed on the free surface of a zinc melt. Through a combination of the anisotropies of c sl and c fs , the formation of grains with their {0 0 0 1} plane parallel to the surface is strongly favored. This is illustrated here with the help of three examples, one for a sessile drop configuration and two for hot-dip galvanized coatings.
Rose grain patterns
In hot-dip galvanized coatings which were remelted in an infrared (IR) furnace [9] , zinc grains were found, which had grown radially from a small round cavity (Fig. 4) . They were called "rose patterns", since their morphology recalls the arrangement of petals in a flower. Interestingly, the central hole was delimited by facets, which were all perpendicular to the h0 0 0 1i axis of the corresponding grain in a pole figure (see bottom of Fig. 4) . The cavity was in fact entirely bound by {0 0 0 1} planes of the neighboring zinc crystals, which seems to indicate that during solidification of these coatings in the IR furnace, zinc grains nucleated in a basal configuration at the free liquid-gas surface of these small holes.
A very similar phenomenon was observed by White [10] in a sessile drop solidification experiment. This author reported that even though the drop was cooled through the chilled substrate on which it was deposited, grains also nucleated on the opposite side at the free liquid surface in contact with the atmosphere. Platelet-shaped crystals formed there, all with their {0 0 0 1} plane parallel to the free surface of the drop. This is exactly the same situation as roses in galvanization, but with a concave instead of a convex liquid-air interface.
Both phenomena can be rationalized in terms of the same nucleation mechanism. White's experiment shows that interface energy effects stabilize the solid at the free surface. There is no other reason for forming solid there, since the chill is located on the opposite side of the drop and the undercooling is maximal at the interface with the chill and minimal at the free surface of the drop. Thus, Dc must be positive. In this case, the mathematical developments in the previous section predict that nucleation is favored when the {0 0 0 1} plane is parallel to the liquid surface, thus explaining the preferential basal orientation of the nuclei.
Oxide cracks
Another phenomenon illustrates the influence of anisotropy on zinc nucleation. Several samples, which were hotdipped in a Rhesca Ò galvanizing simulator, exhibit shiny stripes on parts of their surface. These macroscopically look like an array of cracks, an impression which is confirmed when they are observed in more detail by optical microscopy ( Fig. 5) : the upper and lower boundaries of the smooth area perfectly match each other, as the lips of a tear. Accordingly, the stripes can be interpreted as breakage of the oxide skin due to liquid flow along the vertical sample during removal from the galvanizing bath in the Rhesca experiment.
Crystal orientation measurements using electron backscattered diffraction (EBSD) reveal that the shiny bands have their {0 0 0 1} crystal plane parallel to the surface, while the remaining coating has a random orientation (Fig. 6) . Additionally, the morphology of the surface is different in the cracks and in the coating below the remaining oxide skin: in the former, it is made of {0 0 0 1} facets, but in the latter, it is clearly dendritic. This transition is also observed within single grains, which are at the boundary between a crack and the regular (oxidized) coating. Interestingly, the dendrites of such grains all point from the lips of the tear into the regular coating, indicating that the grains started within the crack and then grew under the remaining oxide layer. These observations show that nucleation of basal grains on a free surface is favored with respect to the other orientations, as predicted by the theoretical model of anisotropic heterogeneous nucleation. 
Conclusion
The extended nucleation model presented in Section 2 offers a well-defined mathematical framework that includes the effects of anisotropy on nucleation. While it demonstrated the influence of orientation, it also generalizes some of the relations which were established in the isotropic model:
the critical nucleus radius is given by the same expression for isotropic and anisotropic nuclei; the free energies of heterogeneous and homogeneous nuclei of the same size are proportional, and their ratio is a function of the wetting condition Dc/c sl (and the orientationñ fs for anisotropic nuclei) only; the free energy of a nucleus is proportional to its volume.
The application of this model to zinc, besides providing an example for its use, also sheds new light into the question of galvanized coating textures. While it is commonly known among steelmakers that such coatings have a dominantly basal texture, this phenomenon has been incompletely explained until now. The examples given at the end of this paper show that the proposed model is actually at work in this system, at least locally. Due to missing data on the interfacial energies at the top surface of coatings, it cannot be determined if this mechanism applies on the whole coating surface and if it is responsible for the basal texture. However, it represents a promising new input for this research.
